Background Accurate measurement of esophageal hiatus size is clinically important, especially when antireflux surgery is planned. We present a novel method for in vivo measurement of esophageal hiatal surface area using MDCT multiplanar reconstruction. We aimed to determine whether large hiatal area is associated with hiatal hernia and gastroesophageal reflux disease. Methods We retrospectively analyzed subjects prospectively enrolled in the COPDGene Ò project. We created two test groups, one with hiatal hernia on chest CT and one with GERD on medical treatment identified by history without hernia. Matched control groups were formed. We performed CT postprocessing to define the double-oblique plane of the esophageal hiatus, on which the hiatal surface area is manually traced. Results Subjects with hernia (n = 48) had larger mean hiatus areas than matched controls (6.9 vs. 2.5 cm 2 , p \ 0.0001), and were more likely to have GERD (42 vs. 10 %, p \ 0.0005). Subjects with mixed (type III) hernias had larger hiatuses compared to subjects with sliding (type I) hernias, who, in turn, had larger hiatuses than subjects without hernia (p \ 0.0001). Hernia-negative subjects with GERD (n = 55) did not have significantly larger mean hiatal areas compared to matched controls (3.0 vs. 2.5 cm 2 , p = 0.12). Twenty measurements obtained by two radiologists showed correlation of 0.93, with mean difference of 0.5 cm 2 (p = 0.20). Conclusions We devised a method to measure in vivo esophageal hiatal surface area using MDCT reconstruction and established the normal size range for the first time. This methodology has the potential to guide decisionmaking in antireflux surgery technique preoperatively, and assess surgical result postoperatively. The presence of hernia correlated with large hiatuses and GERD. However, hiatal area failed to identify those with GERD in the absence of hiatal hernia.
Abstract
Background Accurate measurement of esophageal hiatus size is clinically important, especially when antireflux surgery is planned. We present a novel method for in vivo measurement of esophageal hiatal surface area using MDCT multiplanar reconstruction. We aimed to determine whether large hiatal area is associated with hiatal hernia and gastroesophageal reflux disease. Methods We retrospectively analyzed subjects prospectively enrolled in the COPDGene Ò project. We created two test groups, one with hiatal hernia on chest CT and one with GERD on medical treatment identified by history without hernia. Matched control groups were formed. We performed CT postprocessing to define the double-oblique plane of the esophageal hiatus, on which the hiatal surface area is manually traced. Results Subjects with hernia (n = 48) had larger mean hiatus areas than matched controls (6.9 vs. 2.5 cm 2 , p \ 0.0001), and were more likely to have GERD (42 vs. 10 %, p \ 0.0005). Subjects with mixed (type III) hernias had larger hiatuses compared to subjects with sliding (type I) hernias, who, in turn, had larger hiatuses than subjects without hernia (p \ 0.0001). Hernia-negative subjects with GERD (n = 55) did not have significantly larger mean hiatal areas compared to matched controls (3.0 vs. 2.5 cm 2 , p = 0.12). Twenty measurements obtained by two radiologists showed correlation of 0.93, with mean difference of 0.5 cm 2 (p = 0.20). Conclusions We devised a method to measure in vivo esophageal hiatal surface area using MDCT reconstruction and established the normal size range for the first time. This methodology has the potential to guide decisionmaking in antireflux surgery technique preoperatively, and assess surgical result postoperatively. The presence of hernia correlated with large hiatuses and GERD. However, hiatal area failed to identify those with GERD in the absence of hiatal hernia.
Keywords Hiatal hernia Á Hiatal surface area Á Gastroesophageal reflux disease Á Multidetector computed tomography Á Esophageal hiatus Á Diaphragm The esophageal hiatus is an elongated and obliquely oriented opening in the diaphragm through which the thoracic esophagus passes into the abdomen. The margins of the hiatus are contiguous with the diaphragmatic crura, with some variability between individuals [1] [2] [3] . The esophageal hiatus has a sphincter mechanism independent of lower esophageal sphincter contraction [4] . Its failure is thought to be one of many factors in the pathogenesis of gastroesophageal reflux disease (GERD) and hiatal hernia (HH) [5, 6] .
There is recent interest in accurate measurement of the esophageal hiatus since its pathologic enlargement carries clinical implications. In patients with GERD undergoing fundoplication, a large hiatus area correlated with diminished LES pressure and increased acid reflux [7, 8] . Knowledge of hiatus size is also important in antireflux surgery. A large preoperative hiatus is associated with increased rate of surgical failure, and some surgeons advocate selecting hiatal closure technique based on hiatus size [9] [10] [11] [12] . The relationship between hiatal widening and HH is complex. One study showed poor correlation between intra-operatively measured hiatus area and size of HH seen on preoperative barium esophagram [13] .
To our knowledge, cross-sectional imaging with multiplanar reconstruction (MPR) to obtain hiatal surface area (HSA) has not been reported. Previous studies have approximated HSA using the geometric assumption that the hiatus is shaped like a slice of a circle whose area can be calculated after obtaining the radius and angle, a method first described by Granderath et al. in 2007 . [8] [9] [10] [11] [13] [14] [15] . Others have estimated HSA by tracing the region of interest on an intra-operative image with a graphic software [7] . Additionally, since all measurements to date were performed intra-operatively from individuals requiring surgical treatment of GERD, or obtained postmortem, the physiologic size of the esophageal hiatus in asymptomatic individuals is not known.
In this study, we aimed to introduce a method for measuring the esophageal HSA in vivo from routine multidetector computed tomography (MDCT) images using MPR technique. We also aimed to investigate whether hiatus size is a good predictor for the presence of HH or GERD. We suspect that CT-derived measurement of the esophageal HSA has clinical relevance in patients undergoing medical or surgical treatment for GERD and HH.
Materials and methods

Study setting
We performed retrospective analysis of data in the COPDGene Ò database, a multicenter prospective observational study involving 21 academic centers in the USA comprised of 10,300 subjects. The complete COPDGene Ò study protocol has been published [16] . Only the 1190 subjects recruited from our institution were considered in this study. Subjects are 45-80 years old, and AfricanAmerican or non-Hispanic white. Current and former smokers with and without COPD were included. Demographic data, medical history, and lifestyle information were obtained via questionnaires. The COPDGene Ò database governing body and our institutional review board approved this study. All participants provided written informed consent at the time of enrollment.
Imaging parameters
As part of the COPDGene Ò protocol, all subjects in our study cohort underwent unenhanced MDCT of the thorax at the time of enrollment. CT scans were acquired in spiral mode using multidetector scanners (Siemens, Sensation-16 and Sensation-64, Malvern, PA, USA). Volumetric acquisitions were obtained with breath held on deep inspiration (total lung capacity) and at the end of tidal expiration (functional residual capacity). The exposure factors were effective mAs of 200 for inspiration, 50 mAs for expiration, and 120 kVp for both. Images were reconstructed in the axial plane at 0.75 mm slice thickness, with 0.5 mm interval, using both soft tissue (B31f) and high spatial frequency (B46f) algorithms. The complete imaging COPDGene Ò protocol has been published [16] . Inspiratory images in soft tissue algorithm were reviewed for this study.
Sample selection
Subjects with incomplete clinical or demographic information, or missing or incomplete CT scans were excluded. Subjects with CT evidence of prior surgery involving the esophagogastric junction were excluded, including gastric bypass, esophagectomy with gastric pull through, and possible HH repair. Two study groups were constructed, a HH group and a GERD group, as defined below, each with its own control group matched by demographics using propensity scoring. A flow diagram showing the sample selection process is shown in Fig. 1 .
All CTs were reviewed for the presence of HH. Because conventionally, HH is identified on CT subjectively without quantitative definition, we devised a grading system to categorize subjects as no hernia, possible hernia, probable hernia, or definite hernia. External surrogate markers for the esophagogastric junction, such as the angle of His and abrupt change in the tubular contour, were used to determine its location with respect to the diaphragm, since mucosal detail is not available in the CT images. Visualization of the angle of His below the level of the diaphragm excluded HH. The presence of HH was determined by identifying the markers of esophagogastric junction superior to the diaphragm. HH was considered definitely present if the contour abnormality was [2 cm above the level of the esophageal hiatus (Fig. 2) . Abnormalities with length between 1 and 2 cm were considered probable, and those with length between 0 and 1 cm were considered possible. Subjects with definite HH on CT comprised of the HH group. The hernias were then classified by type using recognized scheme, where type I is sliding hernia, type II is paraesophageal hernia, type III is mixed type with features of both type I and type II, and type IV involves herniation of additional viscera [17] .
We considered subjects who reported having heartburn or acid reflux on a standardized questionnaire to be positive for GERD. Medication lists of these subjects were then reviewed for medication typically used to treat GERD, including proton-pump inhibitors and H2 receptor antagonists. Subjects who reported having GERD and were undergoing medical treatment for GERD formed the GERD group. Those with definite or probable HH were excluded from this sample. Those who denied having GERD but were on GERD-related medication, and those reporting GERD symptoms but were not treated with medication were also excluded.
Demographically matched control samples were constructed for both the HH group and the GERD group using propensity scores incorporating age, gender, BMI, and FEV 1. Control subjects for the HH group did not have HH. Control subjects for the GERD group did not have HH, reported no GERD symptoms, and denied taking GERDrelated medications.
CT analysis
We performed CT postprocessing and analysis with Aquarius iNtuition version 4.4.7 (TeraRecon, San Mateo, CA) to obtain HSA. Axial images of 0.75 mm thickness in soft tissue algorithm (B30f) were loaded into a standard multiplanar reformat package, showing images in three orthogonal planes (axial, coronal, and sagittal by default). From here, a double-oblique-corrected plane demonstrating the entire circumference of the esophageal hiatus was obtained using the following steps. First, in the sagittal plane, an image through the esophageal hiatus was identified. On this image, the line representing the axial plane was moved and rotated such that it intersects the anterior and posterior margins of the esophageal hiatus. This line typically inclined downward toward the spine (Fig. 3A) . This positions the line representing the oblique coronal plane approximately parallel to the distal esophagus. The oblique coronal stack was then paged through to show the right and left margins of the hiatus. On this oblique coronal image, the line representing the oblique axial plane was positioned and rotated such that it intersects the right and left margins of the esophageal hiatus. This line typically inclined downward to the right (Fig. 3B) . The resulting doubly oblique axial plane is the plane of the esophageal hiatus (Fig. 3C ). Smaller adjustments in angle and position were performed to maximally demonstrate the margins of the hiatus. At times, multiple slices demonstrated the entire circumference of the hiatus. A representative image most amenable for measurements was used. The area of the esophageal hiatus was then measured, using the polygon tool to manually define the inner margin of the hiatus using the fat-crural interface (Fig. 3D) . When there is a paucity of fat in the hiatus, the esophagus-crural interface was used. Uncommonly, the crural bundle separating the esophageal and aortic hiatuses was poorly visualized; in which case, the anterior margin of the aorta was used to complete the circumference of the esophageal hiatus. One radiologist (WO) performed all CT postprocessing and measurements. Subsequently, a second radiologist (CD) blinded to the results independently analyzed a representative subset of 20 CTs for assessment of inter-rater agreement. HSA measurements and postprocessed imaging planes were compared.
Statistical analysis
Data analysis was performed using JMP Pro version 10.0.2 (SAS Institute Inc., Cary, NC). Where appropriate, Student's t test, Pearson's Chi-squared test, and Wilcoxon signed-rank test were used. We considered p values \0.05 to be significant. Data are presented as mean and standard deviation (SD).
Results
Hiatal hernia group
There were 1130 subjects with available demographic and CT information. CT screening revealed that 54 (4.8 %) had definite hernias, 45 (4.0 %) had probable hernias, and seven (0.6 %) had possible hernias. After excluding four with imaging evidence of surgery in the region of the esophagogastric junction and two with incomplete CT images, the remaining 48 patients with definite HH formed the HH group. Of these, 34 had type I (sliding) hernias, and 14 had type III (mixed) hernias. A corresponding control group of 48 subjects without hernia was identified using propensity scoring to control for gender, BMI, age, and FEV 1 . Respectively, the HH group and its corresponding control group had 50 and 54 % males Those with HH had significantly larger hiatuses than those without (p \ 0.0001). Mean HSA of HH subjects was 6.9 cm 2 (SD 4.1). Mean HSA of their matched control subjects was 2.5 cm 2 (SD 0.9; Fig. 4 ). Mean HSA of those with type I (sliding) hernias was 5.1 cm 2 (SD 2.4), and mean HSA of those with type III (mixed) hernia was significantly larger (p \ 0.0001), at 11.5 cm 2 (SD 4.0). Mean HSA in type I hernias was also larger than mean HSA of those without hernia (p \ 0.0001; Fig. 5 ).
Forty-two percent of subjects with HH had GERD, compared to 10 % of subjects without HH (p = 0.0005).
Among those with HH, 35 % of those with type I HH had GERD, while 57 % of subjects with type III HH had GERD (p = 0.0007).
The receiver operating characteristic (ROC) curve using HSA as predictor for HH is shown in Fig. 6 . HSA cutoff of [3.5 cm 2 has 81 % sensitivity and 88 % specificity for the presence of HH. In this sample, when subjects with HH and without HH are analyzed as a single group, the mean HSA of those without GERD was 4.0 cm 2 (SD 3.0) and mean HSA of those with GERD was 6.7 cm 2 (SD 4.8; p = 0.02).
GERD group without hiatal hernia
A total of 191 (17 %) subjects reported having GERD, 71 of whom were taking GERD-related medication. Fifty-one were taking a proton-pump inhibitor, 14 were taking a H 2 receptor antagonist, five were on both a proton-pump inhibitor and a H 2 receptor blocker, and one was on other antireflux medication. Fifty-five of these did not have HH, forming the GERD group. A corresponding sample of 55 demographically matched control subjects was also formed. Respectively, the GERD group and its control group had 36 and 41 % males (p = 0.56), mean BMI of 32 and 30 (p = 0.16), mean age of 60 and 61 (p = 0.42), and mean FEV 1 /FVC of 0.62 and 0.62 (p = 0.91). The GERD group had mean HSA of 3.0 cm 2 (SD 1.6), while the control group had mean HSA of 2.5 cm 2 (SD 1.4), which is not statistically significant (p = 0.12; Fig. 7 ). HSA cutoff of [3.5 cm 2 has 22 % sensitivity and 85 % specificity for the presence of GERD.
Inter-rater agreement
Two radiologists independently analyzed 20 CT scans, showing correlation of 0.93, with mean difference of 0.5 cm 2 (p = 0.20; Fig. 8 ).
Discussion
The esophageal hiatus is an opening in the diaphragm marginated by tissue in continuity with the diaphragmatic crura. The distal esophagus, vagus nerve, and sympathetic nerve branches pass through it. Pathologic widening of the hiatus has clinical implications. The size of the hiatus affects the surgeon's choice of hernia repair method and predicts long-term postoperative success rate [9, 10] . As such, some advocate routine intra-operative measurement of hiatus area [10, 12] . In addition, large hiatus area among patients with GERD correlated with low LES pressure and increased acid reflux [7, 8] . Therefore, accurate noninvasive measurement of hiatal area is clinically relevant. Because the esophageal hiatus is obliquely positioned with respect to the axes of the body and has non-geometric shape, accurate measurement of its size can be difficult. In this study, we applied a novel method for in vivo measurement of esophageal hiatus area using MDCT MPR. We used a double-oblique correction technique to obtain the anatomic hiatus plane, allowing for measurement of the hiatus area. Independent analyses by two radiologists showed good agreement.
Thin-section MDCT and 3D image postprocessing are widely used for various anatomic measurements. The efficacy of CT multiplanar postprocessing in providing highly accurate and reproducible measurements of complex anatomic structures has been proven, such as in preoperative planning for transcatheter aortic-valve replacement (TAVR) [18] . While previous measurements of hiatus area in live subjects were limited to indirect methods such as geometric modeling [8-11, 13, 14] or estimation from intra-operative photographs [7] , our method attempts to measure the hiatus directly. We believe this imaging-based measurement more closely reflects the physiologic state of the hiatus compared to intra-operative measurements, where distortion of anatomy can occur from abdominal gas insufflation, muscle paralysis from anesthetics, and dissection and retraction of surrounding tissue by the surgeon. We propose that CT measurement of HSA has the potential to guide decision-making in antireflux surgery technique preoperatively, and the same methodology can be used to assess surgical result postoperatively. This measurement technique can be performed using routine MDCTs of the chest or abdomen obtained with standard protocols, which many patients have undergone for unrelated indications.
There is a paucity of data on normal esophageal hiatus size in vivo. The majority of studies investigating the morphometry of this structure are limited to intra-operative measurement among symptomatic patients undergoing antireflux surgery. We had the advantage of studying a heterogeneous population with respect to GERD symptomatology and pathology. In our study, the mean HSA among normal asymptomatic subjects was 2.5 cm 2 . Batirel et al. [7] estimated that the expected HSA after crural repair should be 2.5-3.0 cm 2 , which is in agreement with our normal size. Shamiyeh et al. [15] found mean HSA of 5.84 cm 2-among cadavers. Multiple factors could have contributed to this discrepancy, related to both postmortem changes and the technique used. We performed analysis on CT images obtained in deep inspiration because they were of higher quality than expiratory images. Crural contraction during deep inspiration likely resulted in slightly smaller HSA measurements [4] .
The complex reciprocal relationship between the formation of HH and hiatal enlargement has been investigated. Each is implicated as a mechanism contributing to development of the other [5] . Whereas hiatal enlargement contributes to the pathogenesis of HH, a hernia also enlarges the hiatus, both causing impairment of the sphincter function and predisposing to reflux [19] . It follows that hiatal enlargement and size of HH should correlate. However, a study by Koch et al. [13] showed poor correlation between HH size on preoperative barium esophagram and hiatus size measured during antireflux surgery. On the other hand, our study did indeed show statistically significant differences in HSA between people with HH and those without. Furthermore, HSA of people without hernia, people with sliding (type I) hernias, and people with mixed (type III) hernias were all statistically different from each other.
Our data show association between GERD and HH in accordance with other studies [5, [20] [21] [22] . At this time, the role of imaging in the diagnosis of GERD is limited. Gastroesophageal reflux identified by barium esophagram has variable clinical value, and has been shown to correlate poorly with pH monitoring [23, 24] . We aimed to determine whether hiatus area could serve as an imaging marker for the presence of GERD. In a mixed population of herniapositive and hernia-negative subjects, larger HSA indeed correlated with GERD. However, among people without HH, such correlation was not observed.
Strengths of this study include availability of welldocumented demographic information, medical history, and CT images on a large number of subjects within the COPDGene database. We were able to select from this large population to construct demographically matched test and control samples. Our study also had several limitations. Identification of subjects with GERD was limited to selfreport and review of medication list, without the benefit of more objective evaluation, such as manometry or pH testing. Limitations of the CT analysis include the inability to blind reviewers to the presence of HH. Finally, we could not confirm external validity of our measurements because no in vivo reference standard is yet available. Comparison between MDCT and intra-operative measurements of the hiatus is a topic of our ongoing investigation.
In conclusion, we were able to quantify in vivo the area of the esophageal hiatus using a MDCT MPR technique, achieving good inter-rater agreement. Subjects with HH had larger hiatuses and more GERD. In a mixed population of hernia-positive and hernia-negative subjects, larger HSA correlated with GERD. However, in subjects without CT evidence of HH, HSA failed to predict the presence of GERD.
